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TECHNICAL MEMORANDUM NO. 917

THE EFFSCT OF COMPRISSIBILITY OF THE PRESSURE READIHG
OF A PRAVDTL PITOT TURBE AT SUBSONIC PFLOW VELOCITY*

By 0. Walchner
- SUMMARY

The effect of compressibility of a flow on the pres~
sure reading of a normal Prandtl pitot tube (fig. 2) was
investigated while the air speed approacaes the velocity
of sound. DIrrors arising from rawed flow wcre also do-
termined up to 20° angle of attack. In axial flow, the
Prandtl pitot tube bogins at w/a ~ 0.8 to give an incor-
rect statie pressure rcading, while it rcocords the tank
pressvre corrcctly, as anticipated, up to sonic velocity.
Flgurcs 5 to 7 illustrate the rocorded pressurc errors

{adpta]

for different anglcs of attack. If errors up to within
*1 perceaut arc permissible in the spced preodiction, the
pressurc difference P, = Pz vrecorded by the Prandtl

pitot tube can be evaluatoed through the cquation
ol 1 wuN©
T - = o g2 — (=
D Pz 5 W L+ 4<\a\

whereby the range of validity extends to w/a S 0.95 and
yawed flow up to 10%°. The equation is plotted for standard
atmospherc in figure 9. ‘

Owing to the comproessibility of the air, the Prandtl
pitot tube manifests compression shocks whon the air specd
approachcs velocity of sound. This affects the pressure
reading of the instrument. Boecouse of the increasing im-
portance of high speed in aviation, this compressibility
effect is investigated in detail. (The results of similar
investigotion by Ponetti (reference 1) are not direcctly
comparable with the present findings because his instrument
was not of normal dimensions,)

MUber den Binfluss der Xompressibilit#t auf die Druckan—
zecige eines Prandtl-Rohres bei StrSmungen mit Unterschall-
geschwindigkeit." Jahrbuch 1938 der deutschen Lufitfahrt-—
forschung. ’ :
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INTRODUCTION

Ivery stationary compressiblec or incompressible par-
allel flow may be visualiged as being the creation of loss-
free discharge from a tank in which the medium is at rest
under a higher pressurc. The speed can be predicted ac-
cording to Bernoulli if the static pressure of the flow
and the tank pressure arc known.

The intrcduction of o body in such a flow produces
in the stagnation point the same state as in the toank so
long as therce is no encrgy loss on the streafmlines toward
the stagnoation pointe. In incompressible fluid, the flow
toward the stognation point is free from loss, and like-
wise in comprcssible flow so long as the spced remains be-
low the velocity of sound. 3But in supersonic/flow a com=-
pression shock forms before the obstacle whseh divides the
zones with supersonic spced upstream from the subsonic
spced downstream toward the stagnation point. Energy is
lost in this compression shock, hence the pressure in the
stagnation point becemes lower than the tank pressure.

Thus a Prandtl pitot tube with its forward orifice in
the stagnation point indicates the tank pressure of the
flow if the medium is incompressible, or, when in compres-—
sible fluid the spoced rcmains subsonic,

The field of disturbance which is inpressed upon the
undisturbed flow in the circulation about the Prandtl
pitot head disappears again downstream. Now, the normal
Prandtl pitot is so designed that the static orifice is at
the plnce where in incompressible fluid the undisturbed
state is re-cstablished. Then the specd can be predicted
on the basis of the pressure readings of the Prandtl tube.

"In compressible fluid the curvature of the strecam-
lines around the head of the ftube is amplified tecause of
the change of density with the pressure. So long as the
local velocity of sound is not excecded at any point (the
velocity of sound changes with the tempcrature along a
stream filamont) the field of disturbance is merely dige
torted while qualitatively rcemaining similar to that in
incompressivle flowe But its character changoes as soon
as the flow voelocity becones high enough to create a zoae
with supersoniec spced during the circulation about the
Prandtl tube, which downstream nust again change to sub-
sonic flow with a compression shock, This causes a nore
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or less severc disturbance in the flow at the static ori-

- fice of “the Prandtl pitot, with the result -that the pres-

sure of undisturbed flow can no longer be measured at that
point. '

Strictly speaking, the speced prediction with the
Prandtl pitot therefore is contingent upon the knowledge
of the errors of the pressure readings from calibration
of the instrument and their correcition. ThHe experinental
determination of this correction is related in the folilow-—
ing. : ‘

lictation

v o w, velocity in undisturved flow;

¢ a, wvelocity of sound in undisturved flow;
py, densgity in undisturbed flow;
#4 P, Dpressure in undisturved flow;
A Do taunk pressure;
/a’pl, presgure at forward orifice of Prandatl =mnitot;
f&’pz, pressure ot lateral orifice of Prandtl pitot;

7 Ko ratio of specific hecat at constant nressure and
constant volume, respectively.

DESCRIPTION OF TEST ZQUIPHMENT

The high-specd tunnel (Prandtl type) employed is shown
in figure 1, A container B is pumped enpty so that the.
atmospheric air (pressure P,y density pg, and speed
wog = 0) flows, after opening of cock H, as a free Jjet
through the test chamber ¥ into the container. On leav-
ing the entrance cone X the air stream attains the speced
w, the pressure expands t2 p and the density to p; a
indicates the veloéity of sound in the free Jjet. The wind
velocity w is regulated with the nozzle V whose nar-
rowest scction is adjustable. So long as the pressure in
B stays low enough to produce velocity of sound in the
narrowest section of V, the jet remains stationary and
the flow volume and Jjet velocity, respectively, change only
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when the narrowest section of V is changed, with the
provision thet the section of the entrance cone is greater
than the narrowest section of nozzle V.

W .
The speed w and the Mach number -—, respectively,
a

v

in the free jet follow, according to Bernoulli, from the
Po
B
wall orifice shortly before the exit from the entrance
cone, and the tank pressurc Pgs whick, of course, nust
nct be confused with the pressure in container 3, corre-
sponds to the atmospheric air pressure. Then Bernocullils
equation for stationary conpressible flow without substan-
tial local height differences reads:

recssurc ratio . Thie pressure is tapped through a
P g

2

W d p 1

— + /‘ —>% = const (1)
2 f P

Since adiabatic change of stote may be assuned (g = 1.405

for air) in the flow through the entrance conec, hence

1 1 po\l/K

- = —{(—) (

P po\P/

AV
~—

the integral in cquation (1) becones

foou/k KR
A &P K - Po p & = K8 _ P (3)
/ P k=1 po k-1 ‘

For the state of rest p 1s replaced by Do, p DY pgys
and w by wg = O, whence the constant of the 3ernoulli
equation K - 1
K P K P P
const = ——— — = — — (=2 & (4)
K - 1 pg K -1 p Np

Entering equations (3) and (4) in equation (i) gives the
flow velocity in the free jet at

» k=13 ,
<_..._9_ \ K - 1 \5)
P

P
W= =
P
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This ogquation is known as the discharge formula for the
.case where a flow with ve1001ty Wy pressure p, and
density p s produced through adiabatic discharge fron
a tank in which the mediun rests under pressure Poe

Thon the introductidn of the velocity of sound in the

frce Jjet
f / | (6)

5 H. — 22
¥./) 2z () 7w .-1-’ (7)
a k=1 Y p a
4
Thugs, w, p, &, D, and g denote the state quanti-
ties of undisturbed flow for the Prandtl pitot tube, the
dimensions of which arc given in figure 2. The pressurc
at the forward orifice is hercvafter indicated with p,
and the pressure at static orifice on the side with Poe
For deternining the effect of yowed flow, the tube could
be turaned in the scnsc of the arrow in figure 1.

zives the Mach numb

Tae measurcnents included the incorrect readings
cavscd Dby conpressibility coffcects and yawed flow, i.e.4,

the pressure aifferences Po - P ond D -~ Pz over a
sngod r;age fromn around 0.55 tinmes sonic velocity up to
neor tho veloceit; of sound. Thoe pressure fiecld in the vi-

c;nlty Jf tho forward part of the Prandtl tuoo was treated
by the Schlieren nethod and photographed.

RESULTS

The first apprearance of a shock wave was recorded by
the Schliercn method at a Mach nunber of w/a » 0.7. The
intensity of the shoclz increases very little at first by
an increa inﬁ Mach number. Figure 3 is a Schlieren record
at w/ »85. The dark area denotes a compression of the
nediun in flow direction and the light areas an expansion.
Hote the compression toward the stagnation point followed
by cxpansion at circulation about the head. Behind this
expansion a conpression follows again. The surprising fact
now 1s the location of the shock wave in the niddle of the
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expansion zone (light area).. It prodbably is no genulne .
compression shock, which woulld have to lie at the transi-
tional point from superscnic to subsonic flow, dut rather
a condensation shock which in its effect 1is very nuch
like the genuine shock. Such expansion shocks in the cx-
pangion zone are, for instance, frequently observed in
Laval nozzlecs when inducting atnospheric air. Illunina-
tion of the dark field readidly revecals the oaset of con-
densation (nebulcsity) to be coincident with the shock.

£, during flow arcund an obstacle in the wind tun-

el of the described type, a condensation shock occurs,
this process is not transferable to the cose of a body
noving at tho anc Mach nunber in caln atnospheric air.
Tor the condensation shock depends on the relative humidi-
ty in +he undisturbed flow and it is greater in the wind
tunnel because of the lower pressure in the free Jjet than
in the atmospherce. Further investigation shows, however,
thot shocks of the low intensity of figure 3 scarcely
falsify the static pressure record with the Prandtl tube,
so that the defective model sinilitude as regards hunmid-
ity causes no appreciable error.

Another Schlieren reocord taken at = 0.95 is.

9!2

shown in figure 4. On the schlieren emanating from the
head of the Prandtl tube a Mach angle of about 52° can be
observed, i.2., & local velocity of about 1.26 tines the

local velocity of sound. The transition fron this super-
sonic zone in subsonic flow is consummated in a strong

compression shock.

Figures 5 to 7 illustrate the pressure records of
the Praz:dtl tube in relation te the corresponding values
of the undisturbed flow - as an ideal ingtrument should
record - for different Po/p, along with the correlated
from equation (7). The measurenents at tiie different
wngles of attack are indicated with different marks.

o

Jmls

As anticipated, the pressure p, in axial flow
recorded by the Prandtl tube agreos with the tank pres-
sure Dy of the undisturbed .flow throughout the entire
subsonic zoune (fig. B).* With increasing yowed flow, p;

drops below Dg, as in incompressible fluid. But this
jeparature is at first very slight and independent of the

*Sce footnote on mage 7.
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Mach number. Up to 15° angles of attack, the error due

- .to . yaw_ amounts to £ 1 percent. It iancreases, however,
rapidly with increasing angle of attack, and the neasure-=
nents themselves manifes t then a relatlonsnlp with the
Mach nunber.

T

Yo

oy

In contrast to P,, the pressure pz; recorded with
the static orifice of the Prandtl pitot already disclosecs
‘ rercesy stiblc deviations, ,with respect to the pressure of un-~
¥ disturbed flow p in tbe subsonic flow. In axial flow
; they begin to show at w/a = 0.8, although the shock waves
: ascertained by the Schlicrer method are still so faint at
around w/a < 0.8 as to cause no perceptitle disturbance
in the odiabatic flowe.

Fron E =~ 0.8 on, pz Dbegins a gradual rise rela-

tive to pe. At first, the cpposite might have been ex~
rected, since energy is lost in the shcek. But the rec-
ords were well reproducible and they give a definite,

even though snall, increase of —, The change in strcamn-

«+ line curvature with incrensing Mach number might play some
part hercin. o increase in p, relative to p under the
cffect of compression shock alone is expected until the lo-
cal velocity prior to the shock has exceeded the velocity
of sound to such an extent that a velocity substantially
lower than that of undisturbed flow is produced after the
shoclke.

P

Y

before the air speed apprvaches velocity of sound. This
ties in with the fact that the local supersonic zone ex-
pands with increasing Mach number, the compression shock
being ultimately placed behind the static opening which

then records the pressure in the supersonic zonec. The
Schlieren record disclosed a nmarked decrease of %T at
\

*At supersonic velocity, 1, beconecs snaller than p as
a result of pressure loss through the compression shock
formed before the instrument. Then the increment of pres-—
sure in the stagnation point with respect to the pressure
of undisturbed flow is, according to Prandtl:

1
{r+1 (kv + 1)° K - 1 2 <a \
w\v )

The reccords indicate a rapid decreasc of shortly

- p =2
P IJ-—2W lad

1 ” 2e-2) (2)°

‘(?

ltf
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the exnct instant where the shock passes over the.static
test point.

The effect of yawed flow on the static prasssure rec-
ord is the same as for pl, but of greater percente.

Figure 7 finally shows the pressure difference
- gy in ratio to po - » for different angles of at-

1
ack
v L @

PREDICTION OF SPEED

The measurcment of the flow velocity in the compres-
sible medium by Prandtl pitot tube reguires, strictly
speaking, first, the replacement of the recorded pressures
based on the described calibration, by the correcsponding
volucs for undisturbed flow, i.e., the solution of equa-
tions (5) and (7), respectively. But this procedure is
not convenient for practical use.

In fact, since exacit accuracy 1s o secoadary con-
sideration in many cases and a small error is frequently
admissible, some approximrxte solutions are attcmpted.
Expressing equation (7) in the form

K- 1

LA 2 <l + Po t—Ei> K -1 (7a)
a e o~ 1 D

and substituting the pressure Pp with cguation (6) by

2
a 2
P =p—= —g— Wz ——— e (6&)
K K(w/ a)®
equation (72) gives after solution with respect to p, —- D
K
2] T 2
K - § -
P, - P = B oy 1 +-———~£(fi> C T L (8)
2 2 '\8‘ K(w/a.)2

Thus equation (8) gives the pressure gradient neces-
sary to create by adiabatic process fron state cf rest ¢
flow with the characteristic quantities p, p, w, and a.
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With-binomial developunent of the bracketed term, the first

-.approximation gives for this pressure gradient, as for in-

comprossible‘fluid,
(P ~ D)' = —Z— w?® (8a)

Second approximation gives

TP 2 1/w \°
- 'Y=~y 1+ = = 2b
(ro - P) - 4(\a> (eb)
and in third approximation leavoes
P 1 N S A AN
(pg = PPt =—w? |1 +—(K ) +—————/—> (8c)
0 2 A, 4 \a

Pigure 8 gives those opproximate values in relation
to the exanct vnlues of equation (8), along with the value
of p, = pz in relation to Py - P as rccorded with the
Prandtl »itot tube in axial flow. It is seen that the
pressure difference p, = py recorded by the Prandtl pitot
departs gqualitatively from the correspoading volue for un—
disturbed flow Fo - F Just as the second approximation
(equation (8b)) does fron the exact value (equation(8)).

W o . -
For — % 0.95, the Aiffercnce betwoen (p, - p)'' and
a

P, = Pp likewise Decomes small guantitatively and omounts
to less than £2 percent.

Hence (g - »)'' in equation {8b) can be replaced
by‘pl = Paos which thus affords an empirical equation

o 5 I1/7w
N.o= Py = oW 1+ —={ - 9
n, - ope = L () (9)

[an

from which the speced w in the ranze of < C.95 can be
: ¥ » & =

a
determined to within less than =1 percent, when p and
a arc given. The omissions in the approximate calcula-
tion at large Mach numbers are approximately cqualized by
the effcets of the compression shocks.  BEven in yawed flow
up to 10° eyuation (9) leaves within w/a .£ 0.95 a speed
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i
error of less than 1 percent. Equation (9) is shown plot=
ted for standard atmosphere in figure 9. The curves with
parancter H give the flying speed w with respect to
the pressure difference Dp, = Pp to be recorded with the
Prandtl pitot tube for different altitudes up to H = 11
kilometers. Lines with coastant Mach number up to
W

o

= 0,95 have been included.

With a potential error in speed of S # percent, the
evalvation of p, - Pp gives according to equation (9) or
(9a) a result which is accurate enough for many practical
cases.

Translation by Jd. Vanier,
National Advisory Committee
for Acronautics. ‘
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